Membrane cholesterol removal appears a key step for the gain of fertility potential during sperm maturation. However, the membrane sterol pattern in sperm cells from infertile patients, with impaired sperm parameters, has been poorly investigated. To elucidate a causative link between sperm membrane composition in male fertility, here we have investigated the levels of cholesterol and its oxidized derivatives 7b-hydroxycholesterol and 7-keto-cholesterol in sixteen infertile patients with oligo-asthenozoospermia and 16 normozoospermic (N) fertile subjects. Furthermore, ten of 16 N fertile subjects agreed to receive a defined testicular thermal challenge by adhering to a programme of sauna sessions for 1 month. Semen samples were obtained from each of the participants, and sperm parameters were assessed according to the World Health Organization criteria. Sperm levels of cholesterol, 7b-hydroxycholesterol and 7-keto-cholesterol were quantified by ultra-pressure liquid chromatography mass spectrometry. The results showed that oligo-asthenozoospermia patients had a huge amount of cholesterol content compared with fertile subjects (12.40 AE 6.05 lg/10 6 cells vs. 0.45 AE 0.28 lg/10 6 cells, p < 0.001, N and oligo-asthenozoospermia, respectively). Also, oxidized derivatives were significantly higher in oligo-asthenozoospermia patients (7b-hydroxycholesterol: 1.96 AE 1.03 ng/10 6 cells vs. 0.075 AE 0.05 ng/10 6 cells, p < 0.001 and 7-keto-cholesterol: 1.11 AE 0.72 ng/10 6 cells vs. 0.005 AE 0.003 ng/10 6 cells, p < 0.001). Moreover, sauna exposure, in parallel with a progressive worsening of sperm motility parameters, was associated with a reversible increase in sperm cholesterol after the third and fourth week of treatment, whilst 7b-hydroxycholesterol and 7-keto-cholesterol levels showed an earlier enhancement starting from the second week. Our data show for the first time in humans a strong difference in the cholesterol and its oxidized derivatives of infertile and fertile subjects. These findings suggest a strict biochemical link relating testis function, sperm membrane status and male fertility potential.
INTRODUCTION
It is now clear that membranes are functional two-dimensional mosaics that modulates the effective concentration of substrates, enzymes and signalling proteins in living cells (Nicolson, 2014) . A key challenge is to identify the mechanisms that naturally tune this machinery and affect changes in cell surface bioactivity (Lingwood & Simons, 2010) . In this regard, the composition and packaging of the phospholipid bilayer have a strong influence on its structure and, as a consequence, on cell function. In particular, cholesterol (Chol), a major constituent of cell membrane, is recognized to reduce the conformational freedom of phospholipid bilayer with important modulating consequences on the membrane fluidity, ion channel function and activation of signalling pathways (Ray et al., 2016) .
A straightforward application of this model is represented by the role of Chol in the regulation of the sperm functional properties. In fact, de novo synthesis of cholesterol is massively committed during early stages of spermatogenesis due to enlargement of male germ cell size and surface remodelling (Potter et al., 1981) . However, many reports demonstrated that after the release from seminiferous epithelium and during the epididymal transit, modification of sperm surface proteins and lipids take place to allow the gain of sperm fertilizing ability (Christova et al., 2004; Dacheux et al., 2016) . Interestingly, this is accompanied by a progressive decrease in sperm cholesterol content (Nikolopoulou et al., 1985; Haidl & Opper, 1997; Toshimori, 1998; Amann et al., 1982) . Moreover, in the female reproductive tract, high bicarbonate and albumin concentrations are invariably associated with an additional sperm membrane reorganization with further loss of cholesterol (Yanagimachi, 1994) . These changes have been demonstrated as key steps conferring forward motility to sperm cells and to pre-condition membranes to capacitation, acrosome reaction and fusion with the oocyte (Brown & London, 1998; Nakanishi & Shiratsuchi, 2004; Visconti et al., 1999) . Thus, if on the one hand the progressive reduction in Chol levels sustains the fertility potential of mature spermatozoa, on the other hand high levels of membrane cholesterol are expected to have an opposite effect (Needham et al., 1988; Pelletier, 2011) . On these bases, it has been suggested that reduced cholesterol removal and high membrane levels of this sterol, deriving from impaired sperm maturation, may result in the production subfunctional sperm cells (Travis & Kopf, 2002) . It should be noted that alteration of spermatogenesis may derive from exposure to a number of environmental factors. In particular, supraphysiological testicular temperature, resulting from prolonged exposure to high environmental temperatures, associates with alteration of sperm count, motility and morphology parameters (Mieusset et al., 1991; Jung & Schuppe, 2007) . Indeed, early evidence in mammals evidenced that the proportion of Chol present within sperm membranes is directly related to human sperm morphology and fertility potential (Sugkraroek et al., 1991; Frenette & Sullivan, 2001; Meseguer et al., 2004) . However, this hypothesis in humans has been poorly addressed.
Aside of Chol, other sterols compose the membrane and may be involved in the regulation of cell and in particular spermatozoa, membrane structure and function. These compounds are the result of cholesterol oxidation, originating by both enzymatic and non-enzymatic processes (Olkkonen et al., 2012) . Under physiological conditions, oxysterol concentration within cell membranes is extremely low and derives from controlled enzymatic process. Conversely, they are enriched in pathological situations of uncontrolled lipid peroxidation, typically deriving from impairment of the cell redox balance, that generates toxicant oxysterol species such as 7b-hydroxycholesterol (7b-OHC) and 7-keto-cholesterol (7-KC) (Vaya et al., 2001; Berthier et al., 2004) . In terms of sperm function, according to the model suggested by Aitken (Aitken, 2011) , moderate oxysterol concentrations are actively involved in the regulation of sperm capacitation exerted by the generation of reactive oxygen species (ROS), a well-known process taking place during capacitation (de Lamirande & Gagnon, 1993) . In pathological conditions, uncontrolled and massive production of toxicant oxysterols is suggested to exert deleterious effects, triggering sperm apoptosis (Aitken, 2011) .
On these bases, the aim of this study was to evaluate the Chol and toxicant oxysterol content in human sperm samples from normozoospermic fertile subjects (N) and from oligo-asthenozoospermic infertile patients (OA). Moreover, Chol and oxysterol levels were determined in N subjects exposed to an experimental model testicular thermal challenge, represented by sauna sessions (Garolla et al., 2013) .
MATERIALS AND METHODS

Ethical approval
The study has been approved by the Ethics Committee of the University-Hospital of Padova (protocol n. 2208P), and each participant has signed informed consent. The study has been conducted in accordance with the principles expressed in the Declaration of Helsinki.
Chemicals
Chol, 7b-OHC, 7-KC, 2-hydroxypropyl-ß-cyclodextrin, Supelclean TM LC-Si SPE Tube 1 mL, Filipin III from Streptomyces filipinensis and propidium iodide were all purchased from SigmaAldrich (St. Louis, MO, USA). Sperm washing medium (SWM) was purchased by Irvine Scientific (Santa Ana, CA, USA). All other reagents, solvents and salts were obtained from Fluka AG or Merck (Darmstadt, Germany). Phospholipid Assay kit (MAK122; Sigma-Aldrich) was used for quantification of total sperm phospholipids, according to the manufacturer's protocol. Results are reported as nmol of phosphatidylcholine per million of sperm cells.
Subjects and semen analysis
Twenty-four infertile patients with oligo-asthenozoospermia (OA) due to testicular failure were included in the study. Inclusion criteria were age between 30 and 40 years, total sperm count ≤39 9 10 6 cells, progressive motility ≤32% and follicle-stimulating hormone (FSH) plasma levels ≥8 IU/L), independently from sperm morphology. Exclusion criteria were varicocele, metabolic syndrome, malignancies, history of cryptorchidism, sexual hormone alteration and sauna exposure during the previous year. In infertile patients, the female factor was excluded as reported previously (Garolla et al., 2016) . Sixteen age-matched normozoospermic fertile subjects (N), who had children in the previous year, were used as controls. All subjects underwent semen donation by masturbation into sterile containers after 2-5 days of sexual abstinence. Samples were allowed to liquefy for 30 min and were examined for sperm count, viability, motility and morphology according to the WHO criteria (WHO, 2010) . Motile sperm organelle examination (MSOME) was performed on semen cells washed with SWM as previously described (Garolla et al., 2014) .
After semen evaluation, samples were washed twice in phosphate-buffered saline (PBS). The cell number of each sperm sample was then counted with Makler counting chamber, pelleted and stored at À80°C until use. At recruitment, all patients were assessed for circulating FSH by the use of commercial electrochemiluminescence immunoassay methods (Elecsys 2010, Roche Diagnostics, Mannheim, Germany).
Sauna sessions
A recreational four sessions-sauna programme was offered to all 24 N subjects and was completed by 18 of them. The Finnish sauna programme consisted of full-body exposure to 80-90°C with humidity level ranging from 20 to 30% for 15 min, 2 days a week, for 1 month. All the participants underwent semen analysis according to the following schedule: before starting the sauna programme (Basal), after 1 week of sauna sessions (T1), after 2 weeks (T2), after 3 weeks (T3), after 4 weeks (T4) and 2 months after the end of the programme (T5). At each time 326 Andrology, 2018, 6, 325-334 point, semen samples were obtained, processed and stored as described above. All experiments were performed in triplicate, and results are given as mean values with standard deviations of three independent experiments.
Extraction and quantitative determination of cholesterol and oxysterols by LC-MS
Extraction and quantification of sperm cholesterol and oxysterols were performed as previously described ( Sabovi c et al., 2017) . Only samples with a cell number >5 9 10 6 were subsequently processed for steroid quantification. The total lipid fraction was extracted from the pellet of sperm cells with chloroform/methanol mixture (Brouwers et al., 2011) . Briefly, sperm cell pellet was incubated with 1 mL of chloroform/methanol mixture under gentle mixing at 37°C. The subsequent dilution with chloroform and water separated the extract into two layers: the chloroform layer at the bottom containing all the lipids and the hydro-alcoholic layer at the top containing all the non-lipids species. The chloroform layer was then lyophilized in a Vacufugeâ-Concentrator plus (Hamburg, Germany) and the extract, solubilized in 200 lL of chloroform, underwent isolation of the sterol fraction by solid-phase extraction (SPE) on a 1-ml silica column, preconditioned with a methanol-chloroform (1:1 v/v) solution, through elution with acetone. The lyophilized sterol fraction was dissolved in methanol, and 20 lL of this solution was analysed by reversed-phase (RP) liquid chromatography coupled with high-resolution mass spectrometry (LC-MS). A Poroshell 120 EC-C18 column (4.6 mm 9 150 mm, 2.7-lm particle size) from Phenomenex (Torrance, CA, USA) was equilibrated and eluted at 40°C with an acetonitrile: methanol solution (65:35, v/v), at a flow rate of 0.3 mL/min using an Agilent (Santa Clara, CA, USA) 1290 infinity ultra-high performance liquid chromatography (UPLC) system, equipped with a 920 autosampler and connected to a Waters Xevo-G2S Q-TOF mass spectrometer (Milford, MA, USA). Ionization and vaporization of the effluent from the column were obtained by atmospheric pressure ionization (APCI) in the positive ion mode. For selected applications, the mass spectrometer was operated by selecting the m/z value for each analyte and recording the total ion current (TIC) at the detector within a mass window of AE 1 a.m.u. The capillary potential was set at 1.50 kV and source temperature at 110°C. The different sterol species were identified by comparing the retention time and mass spectra (i.e. m/z value and isotopic pattern) with authentic external standards of cholesterol, 7b-OHC and 7-KC. Quantification of each sterol was performed using the corresponding calibration curve. The detection limits were determined as 9.2 ng for cholesterol, 11.9 ng for 7b-OHC and 6.0 ng for 7-KC. Data were acquired with MassLynks software using a data pitch of 0.5. Integration of mass peaks was performed with the BioPharmaLynx suite (Waters Corporation, Milford, MA, USA). Monoisotopic mass values were determined with an accuracy <2 ppm. Quantitative data of each sterol were normalized for the number of sperm cells subjected to extraction and quantification.
Filipin staining Sperm cells samples were fixed in 4% paraformaldehyde in PBS for 30 min at room temperature and then smeared on superfrost plus microscope glass slides (Menzel-Gl€ aser, Braunschweig, Germany). Subsequently, samples were saturated with 5% normal goat serum in PBS for 30 min and then incubated for 2 h with Filipin III at final concentration of 50 lg/mL. Subsequently, slides were rinsed with PBS, counterstained with propidium iodide (25 lg/mL, final concentration) and mounted with antifade buffer. The fluorescence patterns of Filipin cholesterol complexes were visualized with Video Confocal Microscope (VICO, Nikon Instruments, Firenze, Italy).
Flow cytometry
Cholesterol in sperm membrane of N and OA patients was assessed by flow cytometry as previously described (Hamm et al., 2014) . Briefly, sperm cells were washed in PBS, fixed in 1% paraformaldehyde and incubated with Filipin III at the final concentration of 50 lg/mL for 2 h at 4°C. Cells were then counterstained with propidium iodide (PI) and analysed with XDP cell sorter (Beckman Coulter). The extent of acrosome reaction was evaluated by positive cell staining for CD46 as previously described (Zuccarello et al., 2011) .
Raman spectrometry
Room temperature Raman maps of sperm cells smeared on microscope glass slides were recorded in backscattering geometry under excitation of the 632.8 nm line of a HeÀNe ion gas laser. The maximum laser power was 6 mW at the sample surface. An Olympus objective with a magnification 1009 (numerical aperture 0.90) was used to focus the laser beam onto the sample surface. The scattered radiation was dispersed by a single monochromator (Horiba Jobin Yvon, model LabRAM HR 800) equipped with holographic gratings (600 lines/mm) and coupled with a nitrogen-cooled CCD detector (1024 9 128 pixels). The Raman spectrometer was coupled with an Olympus BX41 optical microscope equipped with a XY movement stage for step-bystep mapping points acquired. The mapping resolution was 0.5 lm approximately, and the spectral resolution was better than 1.1 cm À1 /pixel within the whole spectral range of interest.
Proper integration times (typically 30 sec) were necessary to get Raman spectra with a satisfactory signal-to-noise ratio. The colour camera interfaced with the microscope objective was used to focus the laser beam onto the sample surface and for acquiring the morphological picture.
In vitro membrane cholesterol modification with cyclodextrins Sperm membrane cholesterol content was modified in agreement with the method used by Purdy and Graham (Purdy & Graham, 2004) . Briefly, after preliminary semen evaluation according to WHO criteria, semen samples from 8 N subjects were divided into three equal aliquots, two of which were intended for treatments and one as control, and then washed with sperm wash medium (SWM) to separate seminal plasma from the cell pellet. For each subject, aliquots of sperm cells from were incubated for 30 min at room temperature, respectively, with 2-hydroxypropyl-ß-cyclodextrin (CD) 1 mM in SWM, to obtain membrane cholesterol depletion, or with 2-hydroxypropyl-ß-cyclodextrin saturated with cholesterol (CD-Chol) at the same concentration to load cell membranes with supplemental cholesterol. Controls were incubated in SWM for 30 min at room temperature with no reactant. At the end of incubation, samples were washed with SWM and evaluated for motility, viability and acrosome reaction as described above.
Statistical analysis
The results were expressed as means AE standard deviations (SD). Prior to data analysis, the Kolmogorov-Smirnov test was used to check for normality of distribution. Parameters showing a non-normal distribution were log-transformed for statistical analyses. Levene's test was used to check the homogeneity of variance among groups. If homogeneity of variance assumption was violated, Welch test was performed and the respective p value was reported. Differences in data obtained from N subjects and OA patients were evaluated with multivariate analysis of variance, using cholesterol, 7b-hydroxycholesterol and 7-keto-cholesterol as dependent variables and group as a fixed factor with age as a covariate. Differences in semen parameters, cholesterol and oxysterol content in the sperm samples during sauna exposure were evaluated with repeated-measures ANOVA across multiple time points (see above for methods on sauna exposure). For overall significant variables, paired two-sided Student's t-test was used to compare differences between each time point. Multiple comparisons were corrected using Bonferroni-Holm's correction and the respective p values are reported. p Values <0.05 were considered as statistically significant. Statistical analyses were performed using SPSS version 21.0 for Windows (Chicago, IL, USA).
RESULTS
Patient characteristics
Clinical and semen characteristics of N fertile subjects and OA patients are reported in Table 1 . Consistent with homogeneous sampling of specimens, no significant difference in terms of age (35.1 AE 8.9 years and 38.2 AE 6.4 years in N and OA, respectively) and days of sexual abstinence was observed between the two groups. However, OA patients showed significantly lower total sperm count and progressive sperm motility than N fertile subjects. Of note, OA patients showed also a lower percentage of sperm cells featured by normal morphology (respectively, 12.4 AE 4.1% N vs. 5.8 AE 4.9% OA, p = 0.005). Sperm viability did not differ between the two groups whilst serum FSH levels were higher in OA patients, reflecting a testicular impairment (Meduri et al., 2008) .
Evaluation of sperm morphology at high magnification was performed by MSOME analysis on a subset of N fertile subjects (N = 4) and OA patients (N = 6). Patients were recalled 2 months after basal evaluation and were ascertained for the invariance of semen parameters. MSOME was applied to sperm cells appearing with normal morphology at standard magnification (409-insets in Figure S1 I-V) . Through the analysis at high magnification (63009), MSOME allowed the identification of two major cell populations: sperm cells with normal morphology ( Figure S1 I-II) and sperm cells with cytoplasmic residues and/or small vacuoles ( Figure S1 III-V). The proportion of sperm cells with normal morphology at MSOME varied significantly between N subjects and OA patients, being, respectively, 63.2 AE 10.4% and 14.1 AE 4.8% (p = 0.008).
Cholesterol, oxysterol and phospholipid levels in N subjects and OA patients
In Fig. 1A-C To address the observed variations of Chol and oxysterols within the global modification of the lipid content in sperm membranes, sperm samples from 8 of 24 N patients and 8 of 24 N patients OA patients (highlighted in red in Fig. 2 ) underwent quantification of total phospholipids. Results are reported in Table 2 . Aside of the higher membrane content of Chol, 7b-OHC and 7-KC, OA patients showed also a nearly four times higher amount of total phospholipids compared with N subjects. However, in relative terms, OA patients were featured by higher sterol-phospholipids ratio, independently from the considered sterol (Chol, 7b-OHC or 7-KC).
A subsequent analysis of the Chol localization in sperm cells from 8 N subjects and 8 OA patients was performed (Fig. 3) . To this aim, an initial fluorescence microscopy analysis of Filipin staining was applied (Fig. 3A) . Filipin is a polyene macrolide fluorescent antibiotic that selectively binds to cholesterol (Flesch et al., 2001) . In N subjects, a specific staining of the fluorescent Filipin cholesterol complex was detectable essentially in the cell membrane surrounding the mid-piece. In OA patients, Filipin stained the membrane of nearly the whole sperm cell, from the acrosome to the neck and the principal piece of the flagellum. For quantitative purposes, the same analysis was performed with flow cytometry (Fig. 3B) . Nucleated sperm cells were evidenced by a positive counterstaining with PI ( Fig. 3-panel I and II) . N subjects showed a weak staining with a relative narrow distribution whilst OA patients displayed a significantly higher staining and a wider distribution (p < 0.05 vs. N subjects, table inset in Fig. 3B-III) . Arguing a non-specific positive signal due to the use of Filipin, the use of Raman spectroscopy technique was adopted because of its non-discriminate, unbiased biochemical characterization of cell samples (Gentleman et al., 2009; Autefage et al., 2015) . The characteristic spectra features of Chol were identified by principal components clustering analysis on pure Chol powder, 
OA N Figure 1 (A-C) LC-MS analysis of commercial standards (250-350 pmoles) of cholesterol (A), 7b-OH-cholesterol (B) and 7-keto-cholesterol (C). (Insets) Mass spectra of the purified species. (D-F) LC-MS analysis of cholesterol (D), 7b-OH-cholesterol (E) and 7-keto-cholesterol (F)
, in extracts of representative samples of normozoospermic subjects (N, red traces) and oligo-asthenozoospermic patients (OA, black traces). The mass spectrometer was operated by selecting the m/z value for each analyte and recording the TIC within a mass window of AE 1 a.m.u. Mass values were determined within 2 ppm accuracy. and cell areas with a significantly higher percentage of cholesterol-rich spectra (CRS) were retrieved in unfixed sperm smears from N subjects and OA patients (Fig. 3C ). Low-intensity CRS were detected on the whole perimeter of sperm cells from N subjects with some increased signals on the mid-piece and neck. In OA patients, high-intensity CRS were found in the acrosome area, perinuclear plasmalemma, mid-piece and neck. No representative data could be obtained from the tail, probably because of the limited size of this area.
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Experimental modification of the membrane cholesterol content with cyclodextrin To evaluate any causative association between sperm cholesterol content and cell function, a cyclodextrin-based in vitro modification of the membrane cholesterol content was adopted. In particular, removal and addition of membrane Chol were achieved by the incubation with, respectively, 2-hydroxypropyl-ß-cyclodextrin (CD) and CD saturated with Chol (CD-Chol). Results are reported in Table 3 . Chol quantification by LC-MS confirmed the efficacy of CD and CD-Chol in, respectively, reduce and increase membrane Chol content in sperm cells from 8 N subjects. In turn, Chol reduction was associated with increased progressive motility, reduced non-progressive motility-immotility and increased acrosome reaction compared with untreated cells (CTRL). A reversed pattern was observed in sperm cells with increased membrane Chol. 330 Andrology, 2018, 6, 325-334
Effects of sauna sessions on sperm parameters and content of cholesterol and oxysterols Eighteen of 24 N subjects underwent sauna sessions twice a week for 1 month, and sperm parameters variant were re-evaluated (Fig. 4A) . During the first 2 weeks of sauna exposure, no significant semen alteration was recorded. However, after the third fourth week, a slight but significant decrement of sperm viability was detected. In addition, sperm progressive motility, normal morphology and acrosome reaction of viable cells (evaluated in 8 of 18 patients) underwent to a significant decline even from the third week of exposure. Of note, after 2 months from the end of sauna sessions, sperm parameters were almost completely restored.
In parallel with semen parameters, the levels of Chol, 7b-OHC and 7-KC in sperm cells were monitored, using the extraction and detection/quantification LC-MS methods reported above (Fig. 4B) . During sauna exposure, Chol levels progressively increased in the third and fourth week, compared with basal levels. A similar trend was observed for both 7b-OHC and 7-KC levels which, however, underwent an even higher increase in the last 2 weeks of sauna treatment. Importantly, after 2 months from the end of thermal challenge, (oxy)sterol levels in sperm samples returned approximately to the basal levels measured before sauna treatment.
DISCUSSION
In this study, we demonstrate that Chol levels in sperm membrane from infertile patients are dramatically higher than fertile man. This pattern was experimentally inducible by either the in vitro use of cyclodextrins shuttle of Chol or by the in vivo exposure of fertile controls to a testicular challenge by sauna sessions. Moreover, oxysterols of recognized toxicant role were over-represented in sperm cells from OA infertile patients and fertile controls undergone to sauna. Sterols, and in particular cholesterol, are key components of the plasma membrane in eukaryotic cells, exerting a fine-tuning of membrane fluidity and lateral diffusion of intrinsic membrane lipids and proteins (Maxfield & Tabas, 2005) . Homeostatic mechanisms controlling the synthesis and trafficking of cholesterol are described as among the most tightly regulated biological processes (Hsieh et al., 2013) . Focusing on the seminiferous epithelium, due to the extensive production of germ cells throughout spermatogenesis, the requirement for cholesterol is significant during the leptotene, zygotene and pachytene spermatocyte stages but decreases in late pachynema and remained low in all subsequent stages of spermatogenesis, including spermatozoa (Potter et al., 1981) . However, the exact role of de novo cholesterol synthesis in germ cells has not been determined conclusively and the major role in cholesterol supply has been ascribed to supporting Sertoli cells. In fact, it has been demonstrated that this cell population is able to uptake cholesterol from the circulation and to recycle lipid-rich residual bodies and apoptotic germ cells (Nakanishi & Shiratsuchi, 2004; Goedeke & Fern andez-Hernando, 2012; Hsieh et al., 2013) . After the release from the seminiferous tubule, sperm cells undergo a further post-testicular adjustment of the Chol content by the epididymis. In this regard, a unique apocrine mode of secretion called 'epididymosomes' has been invoked to explain the epididymal ability to modify the sperm membrane composition during epididymal transit (Akpovi et al., 2006) .
Here, we show that, in humans, ejaculated sperm cells from OA patients affected by testicular impairment are characterized by a significant modification of the membrane lipids composition, such as nearly tenfold higher levels of cholesterol and even higher levels of the toxicant derivatives, 7b-OHC and 7-KC, compared with N control subjects. These variations remained highly significant even after the normalization for the total phospholipids content. Considering that Chol represents a high percentage of the total membrane lipids in spermatozoa, a further increase by a factor 3-9 is expected to be associated with morphological changes of the cells. Indeed, sperm cells from OA patients and even N subject undergone to sauna showed a higher degree of altered morphology evaluated at standard magnification according to WHO guidelines (World Health Organization, 2010) . Furthermore, MSOME analysis was applied on cells with apparent normal morphology at standard magnification, showing that OA patients had a higher proportion of spermatozoa with morphological alterations, such as cytoplasmic residues and/or small vacuoles. Cytoplasmic residues represent redundant membrane remnants from adult pachytene and spermatid steps of spermatogenesis Cooper, 2005) , whose membrane Chol content is fivefold to tenfold greater than that observed in mature spermatozoa, as acknowledged in early studies from murine models (Potter et al., 1981) . In addition, vacuoles have been recently recognized as very thin areas of sunken plasma membrane (Boitrelle et al., 2011) . Taken together, all these evidence account for significant amounts of redundant membrane material carried by sperm cells from OA patients, contributing to the observed increase in membrane sterol levels.
Considering the discussed association between Chol depletion and sperm function, here confirmed by the in vitro modification of membrane Chol content by the use of cyclodextrins, this evidence is largely consistent with the hypothesis viewing the altered trafficking of this sterol as a major pathophysiological process linking impaired spermatogenesis and the production subfunctional sperm cells (Travis & Kopf, 2002) . In this regard, the identification of the molecular target/s of the regulating effect of Chol on sperm membrane will aid to warrant the comprehension of this complex of physiological processes.
On the other hand, the origin of the oxysterol pattern observed in sperm cells from testiculopathic patients represents a major open question. Currently, one available study aimed to address the quantification of Oxy in human sperm from fertile and infertile subjects (Zerbinati et al., 2017) . Interestingly, no significant difference was observed in terms of the known toxicant oxysterols but a significant increase in 25-OH-cholesterol, of unknown toxicant role, was documented in normozoospermic men. However, levels of cholesterol were not investigated (Zerbinati et al., 2017) . We might speculate that the impairment of spermatogenesis and/or Sertoli cell dysfunction may have a direct influence on cholesterol content in germ cell line (Wiebe & Tilbe, 1979) . On this basis, the increased availability of the substrate, that is cholesterol, associated with the concomitant alteration of the redox balance reported in testiculopathies (Visconti et al., 1999) , would likely result in higher production of toxicant oxysterols. This model appears more likely in the light of results obtained from sauna session. In fact, here we document that the administration of a defined testicular thermal challenge induced by sauna exposure was associated with the impairment of sperm parameters, such as sperm count and motility, and was associated with a very early increase in both cholesterol and, in particular, toxicant oxysterol levels. These results confirm and shed new light on our previous studies on thermal challenge (Helmschrodt et al., 2014) . In fact, on the basis of the short time of sauna exposure, the increase in sperm level of cholesterol may be ascribable to the latest phases of spermatogenesis or the role of epididymal transit (Koksal et al., 2003; Sullivan et al., 2007; Miyoshi et al., 2014) . This evidence would contribute to disclose at the molecular level the burden of cholesterol trafficking and redox balance in sperm physiology (Cress & Gerner, 1980; Kullisaar et al., 2013) in particular when impairment of sperm function is associated with exposure of the testis to supraphysiological temperatures (RazzaziFazeli et al., 2000; Zhang et al., 2014; Garolla et al., 2015a,b) .
It could be argued that desmosterol, another key sterol in cell physiology, has not been considered in this study. Indeed, desmosterol is by far less represented than Chol in sperm cells and its variations in sperm cells from infertile patients are almost overlapping with Chol (Zalata et al., 2010) . Thus, a minor or complementary role in sperm function can be hypothesized for this sterol.
In conclusion, the assessment of the cholesterol and oxysterol pattern in ejaculated spermatozoa by LC-MS may represent a novel marker of testicular and epididymal function, providing helpful information in the diagnosis of infertility. In addition, considering that higher 7b-OHC and 7-KC are the product of oxidative stress, these analyses would represent a parameter to 332 Andrology, 2018, 6, 325-334 monitor the efficacy of male infertility treatments based on the administration of antioxidants (Garg & Kumar, 2015; Garolla et al., 2015a,b) . It should be noted that today LC-MS analysis represents a cost-and time-consuming technique, hardly available in reproductive laboratories. Thus, further studies are needed to find sensitive surrogate semen parameters representative of altered membrane sterol pattern.
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